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Energy transfer between highly vibrationally excited naphthalene and Kr atom in a series of
translational collision energies 108–847 cm−1 was studied separately using a crossed-beam
apparatus along with time-sliced velocity map ion imaging techniques. Highly vibrationally excited
naphthalene in the triplet state vibrational energy: 16 194 cm−1; electronic energy: 21 400 cm−1
was formed via the rapid intersystem crossing of naphthalene initially excited to the S2 state by
266 nm photons. The collisional energy transfer probability density functions were measured
directly from the scattering results of highly vibrationally excited naphthalene. At low collision
energies a short-lived naphthalene-Kr complex was observed, resulting in small amounts of
translational to vibrational-rotational T→VR energy transfer. The complex formation probability
decreases as the collision energy increases. T→VR energy transfer was found to be quite efficient
at all collision energies. In some instances, nearly all of the translational energy is transferred to
vibrational-rotational energy. On the other hand, only a small fraction of vibrational energy is
converted to translational energy. The translational energy gained from vibrational energy extend to
large energy transfer up to 3000 cm−1 as the collision energy increases to 847 cm−1. Substantial
amounts of large V→T energy transfer were observed in the forward and backward directions at
large collision energies. © 2007 American Institute of Physics. DOI: 10.1063/1.2764077
I. INTRODUCTION
Collisional energy transfer of highly vibrationally ex-
cited molecules plays an important role in many chemical
processes. For chemical reactions, energy needed to over-
come the reaction barrier is accumulated from collisions. On
the other hand, energetic products dissipate the extra energy
into the surrounding molecules in order to stabilize.
Although the energy transfer of highly vibrationally ex-
cited molecules has been studied for many decades, the de-
tailed mechanism is still not clear. In early experiments, the
unimolecular dissociation rates in the falloff region sug-
gested that most of the collisions are weak collisions, instead
of the strong collisions assumed in the Lindemann
mechanism.1 Recent experimental studies provided the infor-
mation of average energy transfer, E, which confirmed
the weak collision conclusion from unimolecular rate con-
stant measurement.2,3 Some of these experiments provided
the initial internal energy dependence of E, or part of the
energy transfer probability density functions that were calcu-
lated from the fit of parameters to empirical formulas.4–9
Since these experiments were performed in bulk systems, the
results are the average of thermal distribution. It is not
straightforward to reveal the energy transfer mechanism and
to extract the “true” identity of the energy transfer probabil-
ity density function from these experiments. Experiments
that provide for a direct determination of energy transfer
probability density function, PE ,E, as a function of E
are needed for a more complete understanding of energy
transfer processes.
Recently, our crossed-beam experiments have provided
information on the shape of PE ,E for special initial
conditions.10–15 In those experiments, an azulene beam ex-
cited by a laser beam with 4.6 eV photon energy was crossed
with a Kr or Ar beam. Energy transfer distributions were
measured directly from the scatterings of azulene molecules.
Substantial detailed information about energy transfer dy-
namics was obtained from these experiments. Trajectory cal-
culations have been performed in these special initial condi-
tions in order to make the comparison with these
experimental data.15,16 In this work, we extend the study to
the collisions between highly vibrationally excited naphtha-
lene and Kr. The translational collision energy dependence of
energy transfer is investigated. Comparison to the collisions
between azulene and Kr is made.
II. EXPERIMENT
Most of the experimental apparatus was the same as that
described in a previous study,11 although some modifications
were made. Only a brief description of the experimental ap-
paratus is given here, but the modifications are described in
detail.
The experimental apparatus included a pulsed UV laser
set at 266 nm, one vacuum ultraviolet pulsed laser at
157 nm, a differentially pumped crossed-molecular beam
vacuum chamber, and a time-of-flight mass spectrometer
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TOF-MS with a time-sliced velocity-map ion imaging sys-
tem. A schematic of the apparatus is shown in Fig. 1.
Naphthalene molecular beam was formed by flowing the
carrier gas through a reservoir filled with naphthalene 360 K.
Carrier gases included ultrapure 99.999% Kr, Ar, and mix-
tures of Ar 33% and Ne 67% at a total pressure of 35, 55,
and 55 psi, respectively, for different collision energies. The
molecular beam was formed by supersonic expansion of the
naphthalene/carrier gas mixture through a nozzle at tempera-
ture of 360–470 K and then collimated by two skimmers
before entering the main chamber. The rotational temperature
of naphthalene beam was estimated to be less than 5 K. A Kr
beam was generated in the other source chamber by expand-
ing ultrapure Kr at a pressure of 225 psi through a pulsed
nozzle at temperature of 320 K. These two beams crossed
each other at a fixed angle of 60° or 25° and at a position
4 mm below the center of the ion optics.
A pulsed laser beam at 266 nm area of 2.55 mm2,
intensity of 55 mJ/cm2, and pulse duration of 5 ns was used
to excite naphthalene in the molecular beam. It crossed the
molecular beam at the position 2 cm upstream from the
crossing point of molecular beam and Kr beam. After the
absorption of 266 nm photons, about 6% of the excited naph-
thalene emitted photons and went back to the electronic
ground state. About 1% became highly vibrationally excited
naphthalene in the electronic ground state after internal con-
version. 93% of the excited naphthalene became highly vi-
brationally excited in the triplet state after intersystem
crossing.17–20 The vibrational energy is 16 194 cm−1 in the
triplet state. If naphthalene molecules absorbed more than
one 266 nm photon, they either dissociated into fragments
within a few nanoseconds21 or became cations through mul-
tiphoton ionization. Fragments from multiphoton dissocia-
tion had no effect in the experiment because we only probed
the mass of naphthalene. Naphthalene cations from multi-
photon ionization were repelled out of the molecular beam
by an electric field before entering the collision region.
The ionization potential of naphthalene is 8.144 eV,
which is higher than the photon energy 7.89 eV of 157 nm
photoionization laser.22 Therefore, naphthalene without ab-
sorbing 266 nm photons or in the electronic ground state
after internal conversion cannot be ionized. Only those naph-
thalene that absorb 266 nm photons and remain in the elec-
tronic excited states can be ionized. The corresponding en-
ergy diagram is shown in Fig. 2. Since the delay time
between 266 nm excitation and collision or 266 nm excita-
tion and 157 nm ionization laser pulses in the experiment
were very long, they were 20–30 and 30–40 s, respec-
tively, depending on the molecular beam velocity. No naph-
thalene remained in the singlet excited state when they col-
lide with Kr atoms or when the ionization laser pulse arrived.
As a result, only the energy transfer from the highly vibra-
tionally excited naphthalene in the triplet state were studied.
Since vibrationally cold naphthalene cannot be ionized,
it is a vibrationally cold naphthalene background-free experi-
ment. The scattering results were not interfered by the scat-
terings of cold naphthalene remained in the molecular beam.
In addition, it also narrowed down the molecular beam ve-
locity distribution. The length of the molecular beam was
about 1.5–2.5 cm at the exit port of nozzle, and the speed
ratio of the entire naphthalene molecular beam was about
V /V=10, where V is the full width at half maximum and
V is the naphthalene molecular beam velocity in the labora-
tory frame. The distance between nozzle and the crossing
position of 266 nm laser beam and molecular beam was
17 cm for 25° crossing geometry and 8 cm for 60° crossing
geometry. As the pulsed molecular beam moved toward the
crossing point, the length of the molecular beam increased.
Molecules with larger velocity were located in the front part
FIG. 1. Schematic diagram of the crossed-molecular beam apparatus. Only
the 25° crossing geometry is shown.
FIG. 2. Energy diagram of naphthalene and corresponding photon energy.
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of the molecular beam, and molecules with smaller velocity
were distributed in the rear part of the molecular beam.
When the pulsed molecular beam arrived at the 266 nm laser
irradiation region, the length of the molecular beam in-
creases. Since 266 nm laser beam size was only 4 mm, it
only overlapped with the central part of the molecular beam.
This laser beam served as a “chopper” and only selectively
excited the molecules with small velocity distribution located
at the center of the molecular beam. In addition, the excited
naphthalene only collided with the corresponding central part
of Kr beam that the velocity distribution was also very nar-
row. As a result, the overall initial velocity uncertainty of the
system was small.
After colliding with Kr beam, naphthalene molecules
were ionized by a 157 nm pulsed laser sheet. The 157 nm
photon energy is low enough so that these highly vibra-
tionally excited molecules in the triplet state do not break
into ion fragments after ionization.23–25 The 157 nm laser
beam size in the ionization region was 10 mm wide parallel
to stainless steel plates of ion optics and less than 0.4 mm
thick. The large beam size provided near homogeneous de-
tection sensitivity for different velocities of the scattered
naphthalene. The delay between the 266 and 157 nm laser
pulses was adjusted so that the 157 nm laser pulse reached
the ionization zone right after most of the excited naphtha-
lene passed through the atomic and molecular beam crossing
point. The kinetic energy and angular distributions of the
scattered naphthalene were measured by a TOF-MS that
incorporated time-sliced velocity-map ion imaging
techniques.26,27
The collision probability of naphthalene was only about
6%. Most of the triplet state naphthalene remained in the
molecular beam. These molecules were also ionized by the
157 nm laser beam. Ions having the same velocity as the
molecular beam were focused by the ion optics into a small
spot on the microchannel plate MCP detector. In order to
avoid saturation and possible damage to the detector, a 1.5
25 mm2 stainless-steel pin located 5 cm in front of the
detector was used to block these ions.
When naphthalene molecules and various carrier gases
were expanded from the nozzle, a small amount of
naphthalene-rare gas van der Waals clusters were formed in
the molecular beam. Irradiation of these clusters by 266 nm
laser beam results in the dissociation of the clusters by break-
ing the van der Waals bonds. Naphthalene resulting from this
kind of dissociation was ionized by 157 nm photons and de-
tected by ion detector.
Nap  X + h266 nm→ Nap*triplet state
+ X X = carrier gas atom ,
Nap* + h157 nm→ Nap+ + e−.
The final velocities of these naphthalene molecules were the
sum of initial molecular beam velocity and dissociation re-
coil velocity. In general, the recoil velocity is smaller than
the molecular beam velocity. Therefore the final velocities of
these molecules are slightly different from molecular beam
velocity. As a result, the cations produced from these van der
Waals clusters cannot be blocked by the stainless-steel pin
and they generated a background in the forward scattering
region. The images with Kr atomic beam and the images
without Kr atomic beam were taken alternately after every
30 000 laser shot accumulation in order to subtract this back-
ground. The final image presented in this work was accumu-
lated from a total of 360 000–1 280 000 laser shots, depend-
ing on the signal-to-noise ratio.
III. RESULTS
The data analysis is very similar to that in previous
study.11 One major difference is that we do not have the
background from cold naphthalene scatterings. This makes
the experimental uncertainty small and data analysis straight-
forward. Since the details of data analysis, including the en-
ergy and sensitivity calibrations, have been described in pre-
vious study, only the final results are presented here.
Figure 3 shows the image of scattered naphthalene at
various collision energies. The rectangular blank area in the
upper right-hand corner is the portion of the image blocked
by the stainless-steel pin located in front of the MCP detec-
tor. The image in a small rectangle superimposed on the
rectangular blank area was obtained without Kr beam and the
stainless-steel pin. It represents the velocity distribution of
the triplet state naphthalene in the molecular beam. This im-
age shows that the molecular beam velocity is distributed
only in a few pixels in both x and y directions. The speed
ratios of the excited naphthalene at various collision energies
measured from the images are listed in Table I. Indeed, the
center part of the image in the small rectangle was saturated.
The actual speed ratios are better than the measured values.
Figure 3 also illustrates the respective Newton diagrams, in-
cluding the initial naphthalene velocities, and the initial Kr
beam velocities, center-of-mass velocities, relative velocities,
and elastic collision circles. The elastic collisions are distrib-
FIG. 3. Color Images and Newton diagrams for collision energies of a
226, b 421, c 612, and d 847 cm−1.
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uted on the elastic collision circle according to their deflec-
tion angles. The image inside the elastic collision circle rep-
resents the decrease of the naphthalene velocity in the center
of mass frame, corresponding to the energy up Eu, transla-
tion to vibration and rotation T→VR collisions. The image
outside of the circle represents the increase of the naphtha-
lene velocity, corresponding to the energy down, Ed, vibra-
tion to translation V→TR collisions. Notice that the en-
ergy transfer of V→TR includes the change of vibrational
energy to rotational energy as well as translational energy.
However, we can only detect the energy transferred to the
translational degrees of freedom.
All the images from different collision energies share a
similar feature, i.e., a strong intensity distribution in the for-
ward scattering direction. These phenomena can be observed
from the deflection angle dependence of the cross sections,
as shown in Fig. 4. It shows that the cross sections decrease
as the deflection angle increases. As the collision energy in-
creases, the probability of the forward scattering increases
rapidly. At the collision energy of 847 cm−1, most of the
collisions result in the deflection angle of  ±60°.
The image also shows the formation of naphthalene-Kr
complex during the collisions. If naphthalene and Kr form a
complex during the collision and the lifetime of the complex
is longer than the complex rotation period, the formation of
complex can be recognized from the pattern of image inten-
sity distribution, i.e., the large intensities in the forward and
backward directions with forward-backward symmetry. The
intensity from the complex in the forward direction is over-
lapped with the direct forward scatterings in this inelastic
scattering experiments, and therefore the intensity symmetry
is broken. However, the formation of complex still can be
easily identified from the backward peaks. For small colli-
sion energy, the intensity of the backward peak is strong and
the central position is on the elastic scattering circle. It indi-
cates that the probability of complex formation is large and
the corresponding energy transfer is small. As the collision
energy increases, the probability of complex formation de-
creases. The position of the backward peak moves further
inside the elastic circle, indicating the increase of the corre-
sponding Eu values. The energy transfer from the formation
of complex corresponding to the central positions of the
backward peaks at various collision energies is listed in
Table I.
The relative cross sections at different angles for both
T→VR and V→TR energy transfer were obtained from
sin  multiplied by the integration of image intensity at every
solid angle of 2 /81 s inside and outside the elastic circle,
respectively. The results are shown in Fig. 4. The total cross
section of T→V/R is much larger than that of V→TR at
large collision energy. However, it becomes small at small
collision energy. At the smallest collision energy, the cross
section of T→V/R becomes smaller than that of V→TR.
The energy transfer probability density functions at vari-
ous scattering angles are obtained at every 10° and normal-
ized so that
TABLE I. Velocity uncertainties and speed ratios of naphthalene molecular beam, average energy transfer of
Nap*-Kr complex, and average energy transfer at various collision energies. Vx and Vy are the full widths at
half maximum of the naphthalene velocity distribution in x and y directions, respectively. Vnap, naphthalene
velocity in the laboratory frame; Unap, naphthalene velocity in the center of mass frame; V= Vx+Vy /2.
E complex is the average energy transfer from the Nap*-Kr complex, E is the average energy transfer.
Negative values represent energy down V→TR energy transfer and positive values represent energy up T
→VR energy transfer.
Collision
energy cm−1 102 226 315 421 612 847
Vx pixel 1.2 1.3 1.3 1.8 3.3 4.0
Vy pixel 2.4 3.5 5.6 1.8 3.1 5.6
Vnap/V 42 40 27 45 34 23
Unap/V 10 11 9 20 14 11
E complex 0 20 45 130 360
E −160±60 −299±60 −160±60 0±60 49±60 50±60
FIG. 4. Angular dependence of T→VR and V→TR cross sections at
various collision energies.
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  d2d	dEd	dE = 1.
Since a small portion of the image at forward direction was
obscured by the stainless-steel pin, the image intensity for
this portion was obtained by linear extrapolation from the
intensities at large radius to small radius for each angles. The
energy transfer probabilities for energy up T→VR and en-
ergy down V→TR collisions are shown in Figs. 5 and 6,
respectively. In the first column of Figs. 5 and 6, the prob-
ability density functions for sideway and backward scatter-
ings have been multiplied by different factors such that both
of them and forward scatterings have the same values at
E=0 in order to make the comparison of the shapes. For
energy up T→VR collisions, the respective shapes for for-
ward, sideway, and backward scatterings are very similar at
small collision energy. As the collision energy increases, the
shape of forward scattering becomes different from the oth-
ers. However, it is interesting to note that they all reach the
maximum available energy. For the energy down V→TR
collisions, the shapes of the energy transfer probabilities are
nearly identical for forward, sideway, and backward scatter-
ings at low collision energy. As the collision energy in-
creases, the shapes of the distribution function for forward
scattering remain nearly the same. The amount of average
FIG. 5. Angular resolved T→VR energy transfer probability density func-
tions. The thick black line represents near forward scatterings 30


40, the thin black line represents sideway scattering 80

100, and
the thick gray line represents backward scatterings 170

180. In the
left column, the sideway and backward scatterings have been multiplied by
some factors, respectively, such that they and forward scattering have the
same value at E=0. In the right column, they are plotted in the same scale.
FIG. 6. Angular resolved V→TR energy transfer probability density func-
tions. The thick black line represents near forward scatterings 30

40
for the first column and 0

10 for the second column, the thin black
line represents sideway scattering 80

100, and the thick gray line
represents backward scatterings 170

180. In the left column, the
sideway and backward scatterings have been multiplied by some factors,
respectively, such that they and forward scattering have the same value at
E=0. In the right column, they are plotted in the same scale.
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energy transfer for forward scattering is small. However,
there are tails in the high-energy region for sideway and
backward scatterings. The high-energy tails in the backward
direction become very obvious as the collision energy in-
creases.
In the second column of Figs. 5 and 6, the probability
density functions are plotted in the same scale for compari-
son of the absolute values. The signal-to-noise ratio in the
forward region at large Ed is not as good as that in the other
direction due to the additional background subtraction. The
importance of the forward scatterings in the energy up and
energy down collisions can be seen from its large values of
the differential cross sections. In the energy down collisions,
although most of the forward scatterings result in the small
energy transfer, the forward scatterings have significant con-
tribution in the large Ed energy transfer, too. The maximum
value of Ed for forward scatterings is as large as that of
backward scatterings.
The total energy transfer probability density function
was obtained directly from the summation of the probability
distribution functions at the various scattering angles. The
extrapolation for small portion in forward scatterings ob-
scured by the stainless-steel pin increases the probability by
20% in small energy transfer region. Figure 7 shows the
energy transfer distribution function for various collision en-
ergies. It shows that the probabilities of high-energy tails in
both V→TR and T→VR collisions increase as the colli-
sion energy increases.
The average energy transfers at various collision ener-
gies are listed in Table I. As the collision energy decreases,
the average energy transfer changes from the increase of
vibrational/rotational energy from translation energy to the
release of vibrational energy to translational energy.
IV. DISCUSSION
A. Large Ed energy transfer and supercollisions
The properties of energy transfer are dominated by the
small amount of energy transfer which has large probability.
However, chemical reaction rates are proportional to the ex-
ponential of the energy. Large amount of energy transfer be-
comes important even the probability is small. For example,
the simulation shows that unimolecular rate constants were
found to be changed by factors of 3 and 11 for 0.1% and
0.5% supercollisions, respectively.27–30 It is worthwhile to
pay special attention on the high-energy tail of energy trans-
fer probability density function.
At the lowest collision energy of 102 cm−1, forward,
sideway, and backward scatterings have about the same con-
tribution, but the energy transfer probability only reaches as
far as Ed=1200 cm−1 according to the signal-to noise ratio
S/N=1. As the collision energy increases, the maximum val-
ues of Ed increase rapidly. Most of the large Ed energy
transfer collisions are then contributed from forward and
backward scatterings. The contribution from sideway scatter-
ing becomes relatively small. At the collision energy of
420 cm−1, the energy transfer probability for Ed
800 cm−1 is mainly from forward and backward scatter-
ings and they can reach as far as Ed=2000 cm−1. At the
largest collision energy of 847 cm−1, forward scatterings be-
come the dominant contributor in large energy transfer. For
example, the energy transfer with Ed
1700 cm−1 is
mainly from forward scatterings. Backward scatterings be-
come as important as forward scattering only in the region
Ed1700 cm−1. Both forward and backward scatterings
can reach as far as Ed=3000 cm−1.
It was discovered from previous studies that a small
fraction of collisions transfer inordinate amounts of
energy.31–35 These large energy changing Ed collisional en-
counters are called supercollisions. For practical data analy-
sis, supercollisions have been defined as the collisions that
the energy transfer is at least five times larger than the aver-
age energy transfer in thermal systems.36 We do not have
average energy transfer in thermal system at this moment for
comparison. We define supercollisions arbitrary as collisions
that transfer more than 1500 cm−1. The second column of
Fig. 6 shows that the supercollisions only occur at large
enough collision energy. Most of the supercollisions result in
forward scatterings, while some of them result in backward
scatterings. Sideway scatterings only have little contribution
in supercollisions.
B. The role of naphthalene-Kr van der Waals complex
The formation of naphthalene-Kr complex can be ob-
served easily from the backward peak in the images. The
intensity of the backward peak is large at low collision en-
ergy, and it decreases at high collision energy. The low prob-
ability of complex formation at large collision energy can be
understood from the fact that the Kr atoms with large kinetic
energy are not easy to be trapped by van der Waals potential
well. The central position of the backward peak is located on
the elastic circle at the lowest collision energy and it moves
further inside the elastic circle as the collision energy in-
creases. It indicates that although Kr stays together with the
highly vibrationally excited naphthalene during the period of
complex, instead of the energy transferred from vibration to
translation, most of the complex at large collision energies
FIG. 7. Energy transfer probability density functions at various collision
energies. a dotted line: 102 cm−1; b thick gray line: 315 cm−1; c thin
black line: 621 cm−1; d thick black line: 847 cm−1. Negative values repre-
sent energy down V→TR energy transfer and positive values represent
energy up T→VR energy transfer.
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results in the small amount of energy transfer from transla-
tion to vibration/rotation. However, the width of the back-
ward peak is not very small. Some of the intensity is distrib-
uted outside the elastic circle, indicating the V→TR
energy transfer.
C. Comparison to azulene-Kr collisions
Naphthalene and azulene are isomers, but the isomeriza-
tion barrier is high and they do not isomerize to each other at
this energy level.37 Both of them have planar structures, but
azulene has a dipole moment of 0.71 D,38 and the dipole
moment of naphthalene is zero. Energy transfer between
highly vibrationally excited azulene in the ground electronic
state and rare gas has been studied using crossed-beam ap-
paratus in our previous study. Compared to the vibrational
energy of azulene 37 590 cm−1, the vibrational energy of
naphthalene in this experiment is only 16 194 cm−1. How-
ever, we found that the general characteristics of
naphthalene-Kr energy transfer properties are very similar to
that of azulene-Kr system. First, large forward scattering
probabilities for Eu and Ed collisions at all different col-
lision energies for both Az-Kr and Nap-Kr were observed. As
the collision energy increases, the cross sections for both
sideway and backward scatterings further decrease. Second,
the Eu maximum approaches the collision energy the
maximum available energy at all collision energies, indicat-
ing the efficient T→VR energy transfer. In addition, the total
cross section of T→VR was found to be much larger than
that of V→TR except at very small collision energy.
Third, the formation of a short-lived Az-Kr and Nap-Kr com-
plexes was observed. Most of the complexes result in T
→VR energy transfer. Fourth, the shapes of energy transfer
probability density functions are very similar in Az-Kr and
Nap-Kr systems, although the absolute values of E are dif-
ferent.
In summary, we have measured the energy transfer prob-
ability density functions of naphthalene-Kr at various colli-
sion energies. At low collision energy, most of the collisions
result in V→TR energy transfer. The average energy trans-
fer at low collision energy is the release of vibrational energy
to translational energy. At high collision energy, most of the
collisions result in T→VR energy transfer, and the average
energy transfer is the increase of the vibration and/or rotation
energy. The increase of translational collision energy effec-
tively enhances the large energy transfer in both energy up
and energy down collisions. The existence of supercollisions
was confirmed by the direct observation from the high-
energy tails of probability density functions. Unlike the ex-
periments performed in bulk systems that the results are the
average of thermal distribution, our crossed-beam experi-
ment was performed under special conditions, i.e., at a given
collision energy and a fix vibrational energy with initial ro-
tationally cool naphthalene. The crossed-beam experimental
results are very sensitive to the change of any adjustable
parameters in calculation. They should be helpful to reveal
the details of energy transfer mechanism.
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